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energy x=-ray machines.

The x-ray dose received by a backscatter radiographed object is
siznificantly less than that needed to create a conventional radiozraph.
This is especially important in nedicine where several backscatter
examinations can be conducted for a dose level less than a single
conventional exanination.

The ultimate practicality of this system cannot vet be judged. The
cost of any new imaging device must be justified by its effectiveness in
diagnosis. Also a broad area of application would be necessary to
offset the expense of an additional x-ray imaging technique.

The next logical step in this research is to evaluate the system in a
clinical enviromment to see if the backscatter technique will produce
images of diagnostic significance. This requires both nedical and
engineering expertise to properly evaluate a possible new imaging
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X-RAY TUBE CONSTRUCTIGN
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Construction of the fast scanning x-ray tube was acconmplished by
modifyving an RCA 7'P4 cathode ray tube. This tube is 7 inches in
diametoer and is designed to withstand hish voltanes on the accelerator
anode. T™e tuhe is of double envelope construction to prevent high
voltage arc over throush the glass. This tube was orisinally intended
to project high brishtness television pictures onto auditoriun screens,
and so wvas designed for high power operation.

The nmodification to the tube consists of cutting off the faceplate by
heating till fracture alonn a scridbe mark, then replacing the origqinal
tube luminescent screen with a tungsten plate. The tungsten plate 1is
+25m thick and nounted on a copper heat sink with cooling coils used to
dissipate target heat.

A nevw tube front extension was created by the nlassworlkinn shop. It
{ncorporated lkovar=-to=-slass vacuum seals to allow copper cooline coils
to pass in and out of the vacuunr. A hizh vacuun valve wvas used to seal
off the tuhe from the vacuum system, and a berylliun x-ray window was
secaled on the front for transmission targets.

The new tungsten target was S inches square and tilted 45 deqrees to
the electron beam incidence. The generated x-rays passed throusgh the
side of the 3/15" pyrex nlass tube froant extension, 90 dearees to the
electron heam incidence on the taryet.

The tubn frount extension was attached to the rest of the tube by
epoxy, ratiher than by alass sealing the tvwo sections tonether to allow
disassenbly of the tube bv burning off the epoxy. The epoxvy was found
vacuun stable after it had been heated and thoroughly outcassad. This

formed a vacuum  tisht seal which did not deteriorate under x=ray

homhardnent.
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A roushing punp and 17 liter/second diffusion nunp wvere used to

-7
exhaust the tuhe to an ultinmate pressure of 2 x 1N ° TORR, tube

quiescent, to 3 x 19-5 TORR, tube operatins. The tarnet and alass
inside the tube continued to outoass oven after mnany hours of oneration,
roducing the ultimate vacuum obtainable. Cormmercial sealed off wvacuum
tubes are baked at 400 desrees Celsius to rid absorbed casses in the
netal and nlass. This was not practical with the demountable lahnratory
tube.

"ish voltage was supplied by a DEL electronics 139 kilovolt, 2
milliamp DPC  supply. Nther tube contro! voltanes uvere applied throuch
the tube bdase pins. A nroblem developed when the tube was powered up
for operation. The electron gun incorporates an oxide cathode to
acnerate free electrons for the beam current. The cathode is a disk
coated with bariun and strouwtiun salts which, when heated, lowers the
work function of the catho”de surface so that electron enission can occur
at low thermal temperatures. %Yhen the tube 1is opened to an atnosjhere,
the active electronegative nonolaver is poisoned by oxysgen and ceases to
enit colectrons, resulting in no b»eam current (Jenkins and Trodden,
1959) .

Vapors releasad by the diffusion pump due to slisht decomposition, of
the £fluid durineg operation, also tend to poison the cathode. This
problen was solved by placing an alumina trap 1in the Adiffusion punmp
linec. This worked satisfactorily in stopping cathode poisonina from
this source (Rondi, 1059),

Several hours of continual operation at saturated bean currvent

qradually causes the cathode to rejuvenate, HSut tn a lover level than

when newe RMean currents of up to 1 milliamp could be achieved to create

et d
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backscacter imames with this tube. T™is current level could only be
rcached by operating the cathode at an elevated tenparature.
Denountahle tubes wsually do not use oxide filaments, choosing instead
tunasten filaments, which do not poison but have shorter life.

\ transnission tarset was initially tried in the tube. The x-rays
produced with this tyne of tarjet, transnit through the tarzet nmetal and
pass out through the £front of the tube. The advantage of this
confizuration 1is that electron bYeam focusing is cecasier than using a
tilted reflection tarnet. It also has geonmetric factors in its favor.
The beam intensity at the output aperture changes more in a reflection
tarcet since the tarcet to aperture distance variation is freater. The
reflection target was used hecause of its higher x-ray output. The tute
pover is limited by the vacuun achieveable duriay operation. This
restricts the high voltaze that can be applied to the tube without
internal arc over between the clements.

Macnetic deflection of the clectron bean was accomplished by driving
a snecial deflection coil made by CCLCO INC. The raster cenerator
supplied the current to the deflection coil throush 10 anmpere pover
anplifiers. The available amplifiers were ouly capable of drivine the
horizontal scan at 4%Jlz. This meaans that a maximum scan rate is ahout R
frames per second for a 128 line image. "icher franint rates could he
attained if fewer scan lines are needed.

The x-ray tube was enclosed in an 2" lead lined pipe which was capned
at either end. A cutout in the back allowed coolant and vacuunm
connectionse. The x=ray beam passes out throuch a small lead anerture,
tynically Imm to 2mn in diameter, on the side of the tube. 1t divernes

to cover a 4 inch square area about S5 inches awav from the shield hodv.
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A sinnle geometric relationshin holds for the area of target scanned

to the raster size at any distance fron the aperture:
P=(R1/R2)L

where N 1s the raster linear dimension at the object plane, Rl is the
pinhole to object distance, R2 is the target to pinhole distance, nud L
is the target linear dimension.

The scintillation detectors for the project were made fron parts
because comnercial detectors of the required area versus thickness were
difficult  to £ind. Scintillation detectors were constructed fron
thalliun  activated sodium iodide crystal blanks purchased from Marshaw
Scientific Co. The crystals were coupled to EMI 9778 hialkali cathode
photonuleinlier tubes. The crystals vere 1/2" thick by 3" square and
were encased with x-ray transparent bervllium metal windows on the
crystal face. The scintillator crystals were thick enounh so that they
essentially were 1007 efficient ia stoppiag and detecting x-ravs in the
energy ran7e used. The detector response to x-radiation is linear and

the nhotomultiplier tubes provide hizh nain at very low noisc.
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Y=-rays are cenerated by bombhariing a metal tarzet with hish speed
electrons. A spectrum of radiation 1is produced extendine from zero
electron volts up to the accelerating potential apnlied to the tube.
The w=-ray spectral distribution toward the low cnergies is partly a
result of high speed electrons suddenly decelerating around the nucleus
of an atonm with radiation of longer wavelengths «iven off. This
radiation is called Bremsstrahlun? or braking radiation and 1is naialy
responsible for the wide spectrum of x-ray =machines.

Characteristic radiation from the tarcet naterial contributes to high
intensity spectral vpeaks. The mnean or effective energy of the

x=-radiation is considerably below the accelerating potential of the

tuhe. The effective enerzy 1is often taken as one half the potential

apnlied to the tube.

Rean filtration by thin pieces of metal can raise the mnean effective
enerzy Dby stopping the lower components of the bean. Some nigh energy
protons are stopped in the process but in a lower proportion than the
lov erersy flux.

The ~eneration of x-rays is a very inefficient process. Less than
one percent of the total power consumed is given off as x-ravs. The
rest is dissipated as heat. The efficiency of x=-ray production foes up
with accelerating wvoltane and atomic number of the targzet. The amount

of x-rav flux ~enerated is

R= ¥V7IZ

where R is the photon flux in units of Roentsens per ninute, ¥ 1is a
constant, VY 1is the tube accelerating voltace, 1 is the tube anode

current, and Z is the atomic number of the tarzet.
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The factor which, at present, limits the resolution 1is the increase
in image noise with small heam apertures. The quantun nature of
electronagnetic radiation means thau 1its generation as well as its

detection is statistical in nature. The x-ray hackscatter scintillation

detectors generate individual electrical pulses corresponding to x=-ray

photon detection. An image is composed of millions of detected photon
events. The uncertainty or standard deviation in a random process due
to statistical considerations is proportional teo the inverse square

root of the number of photon events (1) conmprising that level:

The statistical deviations from a uniform gray scale are specified by
a signal-to=-noise ratio (SMR). In an image point, the signal is defined
as the nean particle count N in an image point I and the noise amplitude
is the ronot mean square deviation fron the mean count. The number of
photons which scatter from deep in the object are less than those
scattering from near the surface so the noise in the resulting imane
increases with penetration depth.
For a photon count M per image point,the signal to noise ratio (SMR) is

written:

SNR = N°°

It is necessary to have as larze as possible number of detected
photon events per plcture element (pixel) to achieve the highest
quality imace with the lowest noise. The resolvable contrast levels of
subtle details in the imaqe likewise 1is dependent on the noise

uncertainty. If tor example 100 photon events comprise a pixel, the
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noise uncertainty {s 10I. Smaller changes than this in the contrast of
the imane element are not resolvable due to the larger statistical
variation in the detection process.

A backscatter image of 256 lines by 256 points per line with 10
percent noise uncertainty requires a total of 6.5x17® photon events
comprising the image. This is about the noise level of some of the
relatively deep penetration backscatter vadiographs. A noise
uncertainty of ten times less (1 percent), however, requires a hundred
times more photons, h.5x108, This noise level 1is very good and
rouchly the same as a 35mm camera picture but at lesser resolution.

The number of detected events in backscatter imaging is dependent on
the intensity £ incident bean~flux. which is in turn dependent on the
beam aperture diameter and collimation. The x-ray flux passing through
an aperture is proportional to the square of its diameter. The sianal
to nolse ratio changes as the square root of the £flux so the picture
quality improves in direct proportion to the aperture diameter.

In a scanning process, the number of photons in each image elenent is
dependent on how long the incident beamn dwells on the element. Longer
dwell times increase photon statistics for that point and reduce the
noise level. This results in a longer time to create the image. The
nain factor in the quality of a backscatter image 1is the practical
limitation in scanning time. The image noise can be decreased by
trading off resolution, or scanning time.

The ultimate resolution is governed, to some extent, by the

trightness of the x-ray source. This refers to the maximum loading in

hl
watts/mm~ and is not the same as the maxinum tube power dissipation.

The x=rays generated by a focal spot larger than the area intercepted by
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the bean collimator are wasted since they are not parallel to the
collinmatnr port and do not energe throush the aperturc.

X=ray tubes concentrate all npower into the smallest possible spot.
The linmitation is the nelting of the x-ray target. Tynical fixed tarzet

L]

x-ray tubes have loadinns of about 100 watts/mm™. The pover loading
does not chanse much with higher power x-ray machines, the focal spot
just tends to net larger.

Rotatinn anode x=-ray tubes have a target which is a spinnine disk.
This spreads the heat over a larger area and permits loadings up to 1

2 »
kilowatt/mn~. The x=-ray nachine used in this research had a focal
spot of 2nm by 3ne with a maximun loading of AQN watts continuous duty,
2

iec., about the maximun loadineg of 100 watts/mm for fixed anode
machines. With this loading, it was found that beam apertures nuch
snaller than about Ilmm took too long td create an inace at a reasonable
noise level. A rotating anode w=ray tube has a distinct advanta~e in
pover loading. The problem is that thesce tubes are intermittent duty,
and continuous nower dissipation is not much larger than the fixed anode
tubes.

Higher energy x-ray nachines (300 ¥VP) are nore ecfficient at

producing x-ray flux and therefore have greater intensities for a ziven

pover dissipation.
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The bandwidth of an inage refers to the rance of frequencies present
in the analog image sigqnal. A completely srey imase contains only NC
infornmation, while an ohject with hish sgpatial €reouencies will he
translated 1into a sisnal with hish analog frequencies by the scanaing
process. The bandwilth of the resultiag analog signal depends on the
nutber of imate eclements divided by the total scan tine. In these
experiments, tynical scan times of five to twenty minutes were used to
scan a 4" by 4" object, using a one millimeter beanm collimator. This
results in about a 100 pixel square picture (10,000 pixels) created in
about A0 seconds. The bandwidth of the resultine analog sienal zoes
from dec to 15472,

The analog system must be able to pass these frequency sianalse.
Ynowinn the hizhest freauency analos sisnal of interest allows the use
of low pass filtering to suppress noise and unwanted hizh frequency
interference.

A real time x-ray scanner, ie. one that creates a backscatter inave
at a TV frame rate of 30 imazes per second, has a very larte bandwidth.
A standard TV image has about 500 1lines with 500 noints vper line
(259,MN0 pixels), generated in 66 mnilliseconds (interlaced) for a
bandwidth of & haz. The bean dwell tine on each point is
correspondingly small, <12 microseconds compared to the x=ray nechanical
inaniny svsten dwvell of A2 nilliseconds.

Several »roblems arise for real time backscatter imaning. The
hinmvest problem is the larte increase in flux that is required to
maintain reasonable photon statistics. Another problem is that the

detectors nust be fast enouch to keep up with the data rate.
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Sodiun fodide scintillation crvstals are the nost efficient detector
of x=ravs, but have a relatively slow (.25 microsecond) recsponse time.
Plastic scintillator crystals have nanosecond response time but are
relatively noor detactors of x-rays. This nroblem can he solved hy
reducing the numher of scan lines in half, or reducin~t the frame rate to
15 frames per second.

The larne increase in flux required is a formidable problem with the
present x-ray nsenerator technolosy. Photon noise will be hich in any
backscatter imane made in nilliseconds. Noisy images mavy be tolerable

thourh, 1f diasncstic information can be extracted from them. ‘lost

hackscatter imaginz, except for special applications, requires seconds

to several -minutes to create a good quality image.
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‘iiah eneray radiation can underso nmany scatterings hefore absorption
in the material. Photons that scatter into other parts of the object,
and then scatter back into the detector, cause an error in the density
neasurenent of the desired point. This is because some of the nhotons
have scattered from other areas whose density nay bhe different.

‘fultiple scattering has been a problem in ~nmanma ray scattering
densitometry, often limiting measurement precision to within ten
percent. Collimation of the detector, so that it wviews only a small
portion of the object under study, reduces detectad nultiple scatter at
the expense of lower photon statistics and hisher dose rates.

Multiple scatter has aot een a serious problem in w-ray backscatter
imaging . This 1is probably attributable to the lower enerzies enmployed
conpared to camma ray techniaques. Lower energy photons will on the
average scatter a fewer number of times before absorption. It appears
that vith the 570'to 150 ¥VP range of energies used , single scatter is
b far the doninant interaction.

Collimation of the detector was tried in this work, but it did not
substantially increase the quality of anv of the imazes. Conllimation

actually tended to degrade the imane by reduction of photon statistics.
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The techniques presented throushout this research can be apnlied to
imaging as wused in nondestructive testing and quality control. The
principal application is probably to those situations which cannot be
radiographed at present because of limited rear access.

One common use for backscatter radiography would be to radiograph
wvelds from one side. Packscatter inmaging has the advantages of
ultrasound with respect to one sided access. Radiography, however, is
not hampered by large voids or spaces in the material which can preveat
an ultrasound exanination.

Fisure 3la shows a 6" lonz T weld on 1/4" aluninum plate. Holes were
drilled wup through the weld from the bottom to various depths from the
surface. This was to simulate defects in the weld. TFigure 31b shows a
backscatter image of the welded T looking into it from the weld surface.
The dark spots in the radiograph are regions of lower scatter resulting
from the simulated '"defects" in the weld. Other radiographs made ia
this research show what might be expected in terms of resolution and
penetration depth in aluminum.

Siznificant penetration in dense naterials such as iron requires
higher photon energies. The x-ray machine used in this research could
not scatter image throuzh even 1/3" iron. An  iridium=192 gamna rav
isotope, vwhich has a nean energyv of abhout 400 LV, was substituted for
the x-ray machine to attempt backscatter imaging throuzh iron. This
radioactive 1isotope is commonly used in industry to radiograph 1/2"
thick steel naterials. The available source had an activity of onlyr 200

nillicuries, about ten to a hundred times wealer than available ina
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Fig. 31. Backscatter Imaging of Welds;
a) Backscatter Image of Welded Aluminum 'T' Joint
Seen Looking into Weld from the Top,
8 b) Photograph of Welded 'T' Joint Seen from End.
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industry. The backscatter images produced vwere necessarily of much
lower quality than possible to attain with hisher flux sources. The
source was used with a 2-3mm beam collimator to inprove photon
statistics at the expense of resolution.

Figure 3%a shows an 83" long adjustable wrench heneath a 3/15" steel
nlate. This object was selected principally to denmonstrate the
feasihilitv of industrial backscatter imaninz. Three-sixteenths of an
inch 1is near the maximun imaging depth possible with this experimental
setun. Inmaging depths up to 3/3" in steel should be feasible with more
intense iridiun sources. Fizure 32b shows the test object with the steel

shield turned over.
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Fig. 32. Gamma Ray Backscatter Imaging;
a) Backscatter Image of a Wrench Beneath a 3/16" Steel Plate

Using an Iridium-192 Gamma Source,
b) Photograph of Wrench with the Steel Plate Rotated on End.
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